Reduction of the Residual Porosity in Parts Manufactured by Selective Laser Melting Using Skywriting and High Focus Offset Strategies  by Mancisidor, A.M. et al.
  Physics Procedia  83 ( 2016 )  864 – 873 
Available online at www.sciencedirect.com
1875-3892 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
doi: 10.1016/j.phpro.2016.08.090 
ScienceDirect
 
WK,QWHUQDWLRQDO&RQIHUHQFHRQ3KRWRQLF7HFKQRORJLHV/$1(
5HGXFWLRQRIWKHUHVLGXDOSRURVLW\LQSDUWVPDQXIDFWXUHGE\
VHOHFWLYHODVHUPHOWLQJXVLQJVN\ZULWLQJDQGKLJKIRFXVRIIVHW
VWUDWHJLHV
$00DQFLVLGRUD)*DUFLDQGLDD06DQ6HEDVWLDQD3ÈOYDUH]D-'tD]E,8QDQXHE
aIK4-Lortek, Arranomendi kalea 4A, 20240 Ordizia, Spain 
bITP, Parque Tecnologico nº 300, 48170 Zamudio, Spain 
$EVWUDFW
5HVLGXDOSRURVLW\LVREVHUYHGLQ,QFRQHOVDPSOHVPDQXIDFWXUHGE\6/0ZLWKLQWKHRSWLPXPSURFHVVZLQGRZUHJDUGOHVVWKH
SURFHVVSDUDPHWHUVZKRVHRULJLQKDVEHHQGLUHFWO\UHODWHGWRWKHVWDUWLQJDQGILQLVKLQJRIWKHODVHUVFDQQLQJWUDFNV7KLVSRURVLW\
LV FRQFHQWUDWHGSUHIHUHQWLDOO\ LQRYHUODSVRI ILHOGV VWULSHV DQGFKHVVERDUG VWUDWHJLHV DQGERUGHUV/RFDWLRQRISRUHVKDVEHHQ
GHPRQVWUDWHGRQORQJVWULSHVZKHUHODVHUVWRSVRQO\DWERUGHUVQRWLQWKHKDWFK,WKDVEHHQFRQFOXGHGWKDWSRURVLW\LVGXHWRD
KLJK LQWHUDFWLRQ WLPHRI WKH ODVHUZLWKSRZGHUZKLFK LQFUHDVHV WKHHQHUJ\ LQ WKRVHSRLQWV7ZRGLIIHUHQW VWUDWHJLHVKDYHEHHQ
YDOLGDWHGWRUHGXFHWKLVHIIHFWDQGWKXVGLPLQLVKSRURVLW\7KHVHVWUDWHJLHVDUHWKHVN\ZULWLQJIXQFWLRQZKHUHWKHODVHULVVZLWFKHG
RIIGXULQJWKHDFFHOHUDWLQJDQGGHFHOHUDWLQJSRUWLRQVDQGWRLQFUHDVHWKHIRFXVRIIVHW7KHGHIRFXVLQJVWUDWHJ\LVQRWDVHIIHFWLYH
DVWKHVN\ZULWLQJUHGXFLQJWKHUHVLGXDOSRURVLW\
&RS\ULJKWOLQHZLOODSSHDUKHUH
3HHUUHYLHZXQGHUUHVSRQVLELOLW\RIWKH%D\HULVFKHV/DVHU]HQWUXP*PE+
Keywords:5HVLGXDOSRURVLW\VN\ZULWLQJVHOHFWLYHODVHUPHOWLQJIRFXVRIIVHW
,QWURGXFWLRQ
6HOHFWLYH/DVHU0HOWLQJ 6/0 LVDQ$GGLWLYH0DQXIDFWXULQJ WHFKQRORJ\ZKHUHFRPSRQHQWVDUHPDQXIDFWXUHG
OD\HUE\OD\HUVFDQQLQJVHOHFWLYHO\DSRZGHUEHGXVLQJDKLJKSRZHUODVHUEHDP7KHODVHUHQHUJ\LVLQWHQVHHQRXJK
WRSHUPLW IXOOPHOWLQJ ZHOGLQJRI WKHSDUWLFOHV WR IRUPD VROLGPHWDO $ERXONKDLUHWDO$YHU\DQRYDHWDO


&RUUHVSRQGLQJDXWKRU7HOID[
E-mail address:DPPDQFLVLGRU#ORUWHNHV
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH
 A.M. Mancisidor et al. /  Physics Procedia  83 ( 2016 )  864 – 873 865
7KHSULQFLSDODGYDQWDJHRI6/0LVWKHSRWHQWLDO WRFUHDWHFRPSOH[FRPSRQHQWVIRUDHURQDXWLFDXWRPRWLYH
PHGLFDO HOHFWURQLF RU WRROLQJ LQGXVWU\ WKDW ZRXOG EH GLIILFXOW RU LPSRVVLEOH WR SURGXFH XVLQJ FRQYHQWLRQDO
PDQXIDFWXULQJ WHFKQLTXHV $YHU\DQRYD HW DO  *RQJ HW DO  6/0 SURFHVV LV FRQWUROOHG E\ D VHW RI
SDUDPHWHUVWKDWKDYHDQLPSRUWDQWLPSDFWRQPHFKDQLFDOSURSHUWLHV6RPHRIWKHVHSDUDPHWHUVDUHDVVRFLDWHGZLWK
PDWHULDO IDFWRUV ZKLFK DUH FKDUDFWHULVWLF RI WKH PDWHULDO DQG DUH QRW FRQWUROODEOH VXFK DV WKHUPDO FRQGXFWLYLW\
DEVRUSWLRQ FRHIILFLHQW PHOWLQJ SRLQW DQG FRHIILFLHQW RI WKHUPDO H[SDQVLRQ 7KH SDUDPHWHUV WKDW DUH ODUJHO\
FRQWUROODEOHDUHFRUUHODWHGZLWKWKHSURFHVVDQGFDQEHFODVVLILHGDVODVHUVFDQSRZGHUDQGWHPSHUDWXUHUHODWHG7KH
PRVW LPSRUWDQW SDUDPHWHUV LQYROYHG LQ WKH SURFHVV DUH ODVHU SRZHU VFDQQLQJ VSHHG KDWFK VSDFLQJ DQG OD\HU
WKLFNQHVV $ERXONKDLU HW DO .XU]\QRZVNL HW DO  6HYHUDO LQYHVWLJDWLRQV FRQVLGHU WKHVH SDUDPHWHUV WR
RSWLPL]H SDUW GHQVLW\ %XFKELQGHU HW DO  /RXYLV HW DO .HPSHQ HW DO  2ODNDQPL 2WKHU
VWXGLHV FDQ EH IRXQGZKLFK DUH IRFXVHG RQ GHVLJQLQJ VFDQQLQJ VWUDWHJ\ WRPLQLPL]H SRURVLW\ RI SURGXFHG SDUWV
$ERXONKDLUHWDO
(DFK PHWDO DOOR\ FDQ EH SURFHVVHG ZLWKLQ D HQHUJ\ GHQVLW\ SURFHVV ZLQGRZ ZKLFK JLYHV ULVH WR GHIHFW IUHH
VWUXFWXUHDQGWKHKLJKHVWUHODWLYHGHQVLW\YDOXHV7KHJHQHUDWLRQRISRURVLW\LVFDXVHGE\DQH[FHVLYHHQHUJ\LQSXW
ZKLFK FUHDWHV D OHVV VWDEOH ODUJHPHOW SRRO UHVXOWLQJ LQ WKHEDOOLQJ HIIHFW2Q WKHRWKHUKDQG LQVXIILFLHQW HQHUJ\
LQSXWZKLFKLVQRWFDSDEOHRIIXOO\PROWHQWKHVXFFHVVLYHVFDQWUDFNVFDQJLYHULVHWRODFNRIIXVLRQGHIHFWV*RQJ
7KLMVHWDO
,QWKLVVWXG\WKHLQIOXHQFHRIVN\ZULWLQJIXQFWLRQDQGIRFDORIIVHWRQUHVLGXDOSRURVLW\REWDLQHGLQ,QFRQHO
VDPSOHVPDQXIDFWXUHGE\6/0KDVEHHQ LQYHVWLJDWHG6N\ZULWLQJ LV D IXQFWLRQZKLFK FRPSHQVDWHV WKH LQHUWLD RI
VFDQQLQJPLUURUVDQGHQDEOHV WKHDFFHOHUDWLRQRIPLUURUVEHIRUH WKHEHJLQQLQJRI ODVHUH[SRVXUH7KH LQIOXHQFHRI
VN\ZULWLQJRQGLPHQVLRQDODFFXUDF\DQGVXUIDFHURXJKQHVVKDVEHHQSUHYLRXVO\LQYHVWLJDWHG0R\ODQHWDO
EXWWKHUHDUHQRHYLGHQFHVRIWKHLQIOXHQFHRIWKLVIXQFWLRQRQKDWFKUHODWLYHGHQVLW\DQGUHVLGXDOSRURVLW\,WPXVWEH
QRWHGWKDWVFDQQLQJVWDUWDQGVWRSHYHQWVFDQEHJLYHQLQWKHKDWFKRIWKHSDUWVLIFKHVVERDUGRUVKRUWVWULSHVVFDQQLQJ
SDWWHUQV DUH VHOHFWHG 7KHVH VFDQQLQJ SDWWHUQV KDYH D SUDFWLFDO LQWHUHVW EHFDXVH WKH\ FDQ UHGXFH GLVWRUWLRQV DQG
UHVLGXDOVWUHVVHV$OYDUH]HWDO2QWKHRWKHUKDQGPRGLI\LQJWKHIRFXVRIWKHEHDPLHFKDQJLQJWKHIRFDO
SRLQWIURPWKHXSSHUZRUNLQJVXUIDFHWKHVSRWVL]HDQGHQHUJ\GLVWULEXWLRQFDQEHFKDQJHG7KHUHIRUHWKHSRZGHU
ODVHULQWHUDFWLRQZLOOEHGLIIHUHQWERWKGXULQJWKHDFFHOHUDWLRQDQGGHFHODUDWLRQVWHSVDQGGXULQJFRQVWDQWVFDQQLQJ
VSHHG
([SHULPHQWDOSURFHGXUH
7KHSRZGHUXVHGLQWKLVVWXG\ZDV,QFRQHOQLFNHOVXSHUDOOR\VXSSOLHGE\/3:7HFK/WGDQGSURGXFHGE\
DUJRQ JDV DWRPL]DWLRQ ZLWK D SDUWLFOH VL]H GLVWULEXWLRQ EHWZHHQ  P DQG VSKHULFDO PRUSKRORJ\ 7KH
FRPSRVLWLRQLVVSHFLILHGLQ7DEOH
7DEOH&KHPLFDOFRPSRVLWLRQRI,QFRQHOSRZGHU
3RZGHU 1L &U &R & 0R $O 7L )H 1E7D 0Q
,1        %DO  

$ILUVWVHWRIWULDOVZDVSHUIRUPHGIRUWKHGHILQLWLRQRIWKHSURFHVVZLQGRZ6LPSOHVDPSOHVFXEHVRIPP[
PP[PPZHUHPDQXIDFWXUHGE\6/07KHVHVSHFLPHQVZHUHEXLOWLQDV\VWHPGHYHORSHGE\6/06ROXWLRQV
PRGHO 6/0 +/ 7KLV PDFKLQH LV HTXLSSHG ZLWK  : ILEHU ODVHU DQG ZRUNV ZLWKLQ D SURWHFWLYH DUJRQ
DWPRVSKHUH 6DPSOHVZHUH SURGXFHG DW D ODVHU SRZHU P) RI :DQG EHDP IRFXVHG FORVH WR WKH VXUIDFH7KH
VFDQQLQJVSHHGv)ZDVYDULHGIURPPPVWRPPVPRGLI\LQJWKHHQHUJ\GHQVLW\DSSOLHGWRWKHVDPSOHV
$IWHUREWDLQLQJWKHSURFHVVZLQGRZRIWKHPDWHULDOWKHLQIOXHQFHRIVN\ZULWLQJIXQFWLRQDQGGHIRFXVRQUHVLGXDO
SRURVLW\ZDVLQYHVWLJDWHG7KHIRFXVRIIVHWZDVYDULHGIURPFORVHWRVXUIDFHXSWRPPNHHSLQJWKHVN\ZULWLQJ
IXQFWLRQGLVDEOHGDQGRQWKHRWKHUKDQGWKHVN\ZULWLQJIXQFWLRQZDVHQDEOHGNHHSLQJWKHRULJLQDOIRFXVFORVHWRWKH
VXUIDFH7KHVHWZRVWUDWHJLHVGLPLQLVKWKHHQHUJ\GHQVLW\GXHWRDQLQFUHDVHRIWKHVFDQQLQJVXUIDFHZLWKKLJKIRFXV
RIIVHWRUSRZHUUHGXFWLRQLQFULWLFDOSRLQWVZLWKVN\ZULWLQJ,QWKHFDVHRIKLJKIRFXVRIIVHWYDOXHVORZHUVFDQQLQJ
VSHHGVZHUHDOVRHPSOR\HGWRDYRLGGHIHFWJHQHUDWLRQGXHWRWRRORZHQHUJ\GHQVLW\
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,QERWKFDVHVWZRVFDQQLQJVWUDWHJLHVWKHRUGHUDQGRULHQWDWLRQRIJHQHUDWHGPLFURZHOGVLQVLGHDOD\HUZHUH
LQYHVWLJDWHG FKHVVERDUGSDWWHUQZLWKGLVSODFHG LVODQGV DQG VWULSHV ,VODQGVZHUHPRYHGDJLYHQYDOXH LQ[ DQG\
GLUHFWLRQIURPOD\HUWROD\HU)LJD,QWKHVWULSHFRQILJXUDWLRQWKHGHSRVLWLRQGLUHFWLRQLVQRWFKDQJHGLQWKHVDPH
OD\HUEXWDFHUWDLQDQJOHLVVKLIWHGIURPOD\HUWROD\HU)LJE


)LJ5HSUHVHQWDWLRQRIVFDQQLQJVWUDWHJLHVD&KHVVERDUGE6WULSHVF/RQJVWULSHV
7KH PDQXIDFWXUHG FXEHV ZHUH FKDUDFWHUL]HG LQ WHUPV RI UHODWLYH GHQVLW\ LQWHUQDO GHIHFWV DQG PLFURVWUXFWXUH
5HODWLYH GHQVLW\ZDV GHWHUPLQHG LQ VHFWLRQV SHUSHQGLFXODU WR WKH EXLOGLQJ GLUHFWLRQ LQ;<SODQHV E\PHDQV RI
RSWLFDO PLFURVFRSH *; 2O\PSXV DQG ZLWK WKH KHOS RI WKH LPDJH DQDO\VLV VRIWZDUH $QDO\6,6GRFX 5HODWLYH
GHQVLW\ ZDV GHWHUPLQHG LQ WKH ]RQHV ZLWK JUHDWHU FRQFHQWUDWLRQ RI SRUHV 0LFURVWUXFWXUH ZDV VWXGLHG ERWK LQ
WUDQVYHUVDO DQG ORQJLWXGLQDO GLUHFWLRQV LGHQWLI\LQJ WKH ORFDWLRQ RI SRUHV )RU WKDW WKH VDPSOHV ZHUH SUHSDUHG
IROORZLQJWKHXVXDOPHWDOORJUDSKLFSURFHGXUHDQGZHUHHWFKHGXVLQJPO+2PO+&OJ&X&OUHDFWDQW
EHIRUHSHUIRUPLQJRSWLFDOPLFURVFRS\H[DPLQDWLRQ
5HVXOWVDQGGLVFXVVLRQ
3.1. Relative density and process window 
6/0SURFHVVZLQGRZ RI ,QFRQHO ZDV GHILQHG NHHSLQJ WKH VN\ZULWLQJ IXQFWLRQ GLVDEOHG DQG IRFXVLQJ WKH
EHDPFORVHWRWKHVXUIDFH)LJVKRZVWKHFRUUHODWLRQRIWKHREWDLQHGUHODWLYHGHQVLW\RIWKHPDWHULDOZLWKDSSOLHG
YROXPHWULFHQHUJ\GHQVLW\(QHUJ\GHQVLW\YDOXHVZHUHFDOFXODWHGIURP(F5HODWLYHGHQVLWLHVDERYHZHUH
REWDLQHGIRUHQHUJ\GHQVLWLHVEHWZHHQ-PPDQG-PP6LPLODUO\WRVHYHUDODXWKRUV$ERXONKDLUHWDO
.HPSHQHWDODWORZHQHUJ\GHQVLWLHVWKDWLVDWKLJKVFDQQLQJVSHHGVODFNRIIXVLRQGHIHFWVDUHDSSUHFLDEOH
GXHWRDQLQFRPSOHWHPHOWLQJRISRZGHUSDUWLFOHV+RZHYHUDWKLJKHQHUJ\GHQVLWLHVDQGWKXVORZVFDQQLQJVSHHGV
SRURVLW\LVREVHUYHG7KLVSRURVLW\KDVEHHQUHODWHGWRWKHWUDSSLQJRIVXUURXQGLQJJDVHVRUSRZGHURFFOXGHGJDVHV
ZLWKLQWKHPHOWSRRO'DKRWUH	+DULPNDU;LDR	=KDQJ,WFDQDOVRFRPHIURPYDSRUDWLRQRIPHWDO$
UHGXFWLRQRI UHODWLYHGHQVLW\DWKLJKHQHUJ\GHQVLWLHVKDVQRWEHHQREVHUYHG LQ WKLVVWXG\DQG LWZRXOGKDYHEHHQ
QHFHVVDU\ WR LQFUHDVH HYHQ PRUH WKH HQHUJ\ GHQVLW\ ,Q -LD 	 *X  ORZHU GHQVLW\ ZDV REWDLQHG 
DSSO\LQJWKHVDPHOLQHDUODVHUHQHUJ\GHQVLW\DVLQWKLVVWXG\-P
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7DNLQJLQWRDFFRXQWWKDWDUHPDLQLQJUHVLGXDOSRURVLW\ZDVREWDLQHGZLWKLQWKHSURFHVVZLQGRZDQGLUUHVSHFWLYHO\
RIWKHSURFHVVSDUDPHWHUVDGHHSHUDQDO\VLVZDVSHUIRUPHGWRFKDUDFWHUL]HWKLVSRURVLW\DQGGHWHUPLQHLWVRULJLQ
0LFURJUDSKVRIVDPSOHVPDQXIDFWXUHGDWDQG-PPZHUHDQDO\VHGZLWKRXWHWFKLQJ)LJDDQGE,Q
ERWKPLFURJUDSKVSRURVLW\ZDVREVHUYHGZLWK WKHSHFXOLDULW\ WKDWSRUHVZHUHDSSDUHQWO\DOLJQHG ,QDGGLWLRQ WKLV
SRURVLW\ ZDV LUUHVSHFWLYH RI WKH HPSOR\HG SURFHVVLQJ SDUDPHWHUV DQG VFDQQLQJ VWUDWHJ\ FKHVVERDUG RU VWULSHV
0RUHRYHU WKHJHQHUDWLRQRIERWKVSKHULFDODQG ODUJHVL]HSRUHV VRPHRI WKHPUHDFKLQJȝPZDVDWULEXWWHG WR
KLJKORFDOHQHUJ\GHQVLWLHV*XHWDO2WKHUK\SRWKHVLVZKLFKFRXOGEHUHVSRQVLEOHRIWKHUHPDLQLQJSRURVLW\
VXFKDVLQWHUQDOSRURVLW\RISRZGHUSRZGHUKXPLGLW\DQGVSRWVL]HZHUHGLVFDUGHGGXHWRWKHLUUDQGRPQDWXUHZKLFK
FDQQRWH[SODLQWKHREVHUYHGSRUHDOLJQHPHQW6SHFLDOGU\LQJSURFHGXUHZDVDSSOLHGWRUDZ,QFRQHOSRZGHU)LJ
F LQRUGHU WRUHGXFH LWVKXPLGLW\7KHKXPLGLW\ZDVPHDVXUHGE\K\JURVFRSHREWDLQLQJDOZD\VYDOXHVEHORZ
 7KLV OHYHO RI KXPLGLW\ LV FRQVLGHUHG DSSURSULDWH WR SURFHVV WKH SRZGHU E\ 6/0 DQG WR DFKLHYH XQLIRUP
SRZGHUOD\HUV7KHVSRWVL]HZDVLQWKHUDQJHRIђPDFFRUGLQJWRWKHPDFKLQHPDQXIDFWXUHUFRQVLGHUHGDVD
QRUPDOYDOXH
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)LJ(YROXWLRQRIUHODWLYHGHQVLW\RIVDPSOHPDQXIDFWXUHGE\6/0ZLWKDSSOLHGODVHUHQHUJ\GHQVLW\DQGHQHUJ\GHQVLW\HTXDWLRQ

)LJ0LFURJUDSKVRIVDPSOHVPDQXIDFWXUHGZLWKLQWKHRSWLPXPSURFHVVZLQGRZVKRZLQJDOLJQHGSRURVLW\D&KHVVERDUGVWUDWHJ\E6WULSHV
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F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
)LJ0LFURVWUXFWXUHVRIHWFKHGVDPSOHVDFKHVVERDUGVWUDWHJ\EVWULSHVWUDWHJ\
6DPSOHVZHUHFKHPLFDOO\HWFKHGLQRUGHUWRILQGRXWWKHORFDWLRQRIWKHDOLJQHGUHVLGXDOSRURVLW\0LFURJUDSKVRI
)LJZKHUHWKHZKROHDUHDRIWKHVDPSOHLVVKRZQUHYHDOWKDWSRURVLW\ZDVORFDWHGSUHIHUHQWLDOO\LQRYHUODSVRI
VFDQQLQJILHOGVDVZHOODVLQERUGHUVRIWKHVDPSOHV1RWHWKDWWKHEULJKWSRLQWVKLJKOLJKWHGLQ)LJDUHSRUHVZLWKD
ORZHU PDJQLILFDWLRQ WKDQ LQ UHODWHG PLFURJUDSKV ,Q )LJ  D ZKHUH WKH EODFN DQG ZKLWH ILHOGV RI FKHVVERDUG
VWUDWHJ\ DUH FOHDUO\PDUNHG LW FDQ EH DIILUPHG WKDW SRUHVZHUH ORFDWHG LQ WKHLUPXWXDO LQWHUVHFWLRQV RU RYHUODSV
PDUNHGZLWK\HOORZFLUFOHV0RUHRYHULQ)LJEDFRQFHQWUDWLRQRISRUHVLQERUGHUVZDVQRWLFHGPDUNHGZLWK
ZKLWHFLUFOHVDWVWULSHRYHUODSV+LJKHUPDJQLILFDWLRQLPDJHVRIWKHVHDUHDVVKRZPRUHFOHDUO\WKHRYHUODSVRIILHOGV
GDVKHG\HOORZUHFWDQJOHDQGORFDWLRQRISRURVLW\EODFNSRLQWV7KHVHVSHFLILFSODFHVZKHUHSRURVLW\LVREVHUYHG
PDWFKHVZLWKVWDUWLQJDQGILQLVKLQJRIWKHODVHUVFDQQLQJWUDFNV
3.2. Origin of the residual porosity 
,QRUGHUWRIXOO\GHPRQVWUDWHWKDWREVHUYHGUHVLGXDOSRURVLW\LVGLUHFWO\OLQNHGWRWKHVWDUWLQJDQGILQLVKLQJRIWKH
ODVHU VFDQQLQJ WUDFNVDQGGLVFDUGDQ\RWKHU IDFWRUV DGGLWLRQDO FXEHVZHUHPDQXIDFWXUHG DYRLGLQJ VWDUW DQG VWRSV
HYHQWVLQWKHKDWFKWKDWLVXVLQJORQJVWULSHVDORQJWKHZKROHSDUWOHQJWK6WULSHVWUDWHJ\ZDVVHOHFWHGZLWKDVWULSH
OHQJWKRIPP WKXVHTXDO WR WKH OHQJWKRI WKHVLGHRI WKHFXEH ,Q WKLVZD\ WKH ODVHURQO\VWRSSHGDWERUGHUV
QHYHU LQ WKHKDWFK ,W LVZRUWKQRWLQJ WKDW WKHVHFXEHVZHUH ODVHUVFDQQHGZLWKRXWERUGHUVRUFRQWRXUV LQRUGHU WR
DYRLG DQ\ LQIOXHQFH RI ERUGHU SDUDPHWHUV LQ SRURVLW\ QHDU WKH VXEVXUIDFH ,Q )LJ  F DQ VFKHPH RI DSSOLHG
VFDQQLQJVWUDWHJ\LVLOOXVWUDWHG
)LJVKRZVWKHUHVXOWLQJPLFURJUDSKVLQZKLFKDKDWFKDOPRVWZLWKRXWSRURVLW\ZDVDFKLHYHGUHODWLYH
GHQVLW\ZKHUHDVDFRQFHQWUDWLRQRISRUHVLQERUGHUVZDVREVHUYHG7KHVDPHSRZGHUDQGSURFHVVSDUDPHWHUVOLNH
EHIRUHZHUHXVHG$FFRUGLQJ WR WKHVH UHVXOWV LW LV IXOO\ FRQFOXGHG WKDW WKH UHVLGXDO SRURVLW\REVHUYHG LQ VDPSOHV
LQFOXGHG LQ VHFWLRQ  LV D FRQFHTXHQFH RI WKH ODVHU VWDUW DQG VWRS HYHQWV$W WKHVH SRLQWV WKH VFDQQLQJ VSHHG
UHDFKHVDH[WUHPHO\ORZYDOXHWKDWLWFRXOGEH]HURGXULQJYHU\VKRUWSHULRGRIWLPHJLYLQJULVHWRORQJLQWHUDWLRQ
WLPH EHWZHHQ WKH ODVHU DQG WKH SRZGHU ,Q RWKHU ZRUGV WKH HQHUJ\ GHQVLW\ LV H[FHSWLRQDOO\ KLJK FDXVLQJ WKH
HYDSRUDWLRQRIWKHSRZGHUDQGJHQHUDWLQJSRURVLW\&KLYHOLQYHVWLJDWHGWKHDEODWLRQSKHQRPHQDZLWKGURSOHWV
HMHFWLRQZKHQWKHPHOWLVRYHUKHDWHGLQ6/0SURFHVV

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
)LJ0LFURJUDSKVRIVDPSOHVPDQXIDFWXUHGZLWKORQJVWULSHVVKRZLQJDKDWFKDOPRVWIUHHRISRURVLW\DQGDFRQFHQWUDWLRQRISRUHVLQWKHVXE
VXUIDFHD+DWFKE%RUGHUV
3.3. Strategies to reduce residual porosity 
3.3.1. Utilization of high focus offset 
5HVLGXDOSRURVLW\ZDVGLUHFWO\UHODWHGWRDQH[FHVVRIHQHUJ\GHQVLW\LQRYHUODSVRIILHOGVDQGERUGHUVFDXVHGE\
WKHVWRSRIWKHODVHU,WLVZHOONQRZQWKDWRIIVHWGLVWDQFHRUIRFXVRIIVHWSDUDPHWHUJUHDWO\GHWHUPLQHVHQHUJ\GHQVLW\
DQGODVHULQWHUDFWLRQLQODVHUPDQXIDFWXULQJSURFHVVHV7KHIRFXVRIIVHWGHVFULEHVWKHUHODWLYHSRVLWLRQRIODVHUIRFDO
SODQHZLWKUHVSHFWWRWKHWRSVXUIDFHRISRZGHUOD\HU)LJDQGLWFKDQJHVWKHORFDODSSOLHGHQHUJ\ZLWKLQWKHODVHU
EHDPVSRW(FLQ)LJ3RVLWLYHIRFXVRIIVHWLPSOLHVWKHGLVWDQFHLQZKLFKWKHODVHULVLQWURGXFHGLQWKHVDPSOH
7KHLQFUHDVHRIIRFXVRIIVHWJLYHVULVHWRWKHLQFUHDVHRIWKHVSRWVL]HZKLFKUHGXFHVWKHORFDODSSOLHGHQHUJ\GHQVLW\
EXW LQFUHDVHV WKH EHDPSRZGHU LQWHUDFWLRQ WLPH 2Q WKH RQH KDQG D GHFUHDVH LQ HQHUJ\ GHQVLW\ ZLOO UHVXOW LQ D
WHPSHUDWXUHGURSEXWRQWKHRWKHUKDQGDQLQFUHDVHLQEHDPSRZGHULQWHUDFWLRQWLPHZLOOOHDGWRDWHPSHUDWXUHULVH
7KHQHWHIIHFWLVDGHFUHDVHLQWKHRYHUDOOWHPSHUDWXUHEHFDXVHWKHHIIHFWRIHQHUJ\GHQVLW\ZHOOH[FHHGVWKDWRIWKH
EHDPLQWHUDFWLRQWLPH;XHWDO,QWKLVVWXG\WKHLQWHQVLW\RIWKHODVHUZDVUHGXFHGE\PHDQVRILQFUHDVLQJ
WKHIRFXVRIIVHWSRVLWLYHIRFXVRIIVHWYDOXHV

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( ORFDODSSOLHGHQHUJ\
3 ODVHUSRZHU
Y ODVHUVFDQQLQJYHORFLW\
' ODVHUVSRWVL]HRID
FLUFXODUEHDP



)LJ6FKHPDWLFGLDJUDPVKRZLQJWKHUHODWLYHSRVLWLRQRIODVHUIRFDOSODQHDQGVXUIDFHRISRZGHUOD\HUDQGODVHUHQHUJ\GHQVLW\HTXDWLRQZKLFK
LQFOXGHVLQIOXHQFHRIODVHUVSRWVL]H;XHWDO


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
)LJ3RURVLW\REWDLQHGZLWKLQFUHDVHIRFXVRIIVHWDPPIRFXVRIIVHWEPPFPPGPPHPP
)RFXV RIIVHW ZDV LQFUHDVHG IURP  PP WR  PP LQ VWHSV RI  PP LQ VDPSOHV ZLWKRXW ERUGHUV DQG EXLOW
HPSOR\LQJORQJVWULSHV,QWKLVPDQQHUWKHODVHURQO\VWRSSHGLQERUGHUVDQGSRUHDQDO\VLVZDVIRFXVHGWKHUH7KH
SURFHVVSDUDPHWHUVXVHGZRUNLQJZLWK EHDP IRFXVHG FORVH WR WKH VXUIDFHZHUH DGDSWHG7KH VFDQQLQJ VSHHGZDV
UHGXFHG DW KLJK IRFXV RIIVHWV LQ RUGHU WR DYRLG WKH SUHVHQFHRI ODFNRI IXVLRQGHIHFWV GXH WR LQVXIILFLHQW HQHUJ\
GHQVLW\0LFURJUDSKVRI)LJ D±H VKRZ WKH LPSURYHPHQWREWDLQHG LQSRURVLW\ZKHQHPSOR\LQJ IRFXVRIIVHWV
KLJKHUWKDQPP
7KHVWUDWHJ\RIXVLQJKLJKIRFXVRIIVHWZDVWUDQVIHUUHGWRVDPSOHVSURFHVVHGZLWKQRUPDOVWULSHVFRPSRVHGRI
VHYHUDOLQSODQHRYHUODSSLQJILHOGVLQHDFKOD\HUDQGPDQXIDFWXUHGZLWKERUGHUVLQRUGHUWRYHULI\LWVHIIHFWLYHQHVV
LQUHGXFLQJ WKHSRURVLW\ERWK LQ WKHKDWFKDQG LQERUGHUV$FRPELQDWLRQRIKLJKIRFXVRIIVHWYDOXHDQGRSWLPXP
VFDQQLQJVSHHGUHVXOWHGLQRSWLPL]HGGHQVLW\LQWKHZKROHFXEHFORVHWRRQO\LVRODWHGDQGVFDWWHUHGSRUHV
ZHUHIRXQG)LJ



)LJ0LFURJUDSKVRIERUGHUVDDQGKDWFKERIFXEHVPDQXIDFWXUHGZLWKKLJKIRFXVRIIVHWPPDQGORZVFDQQLQJVSHHG
3.3.2. Skywriting strategy 
$VLWLVH[SODLQHGLQWKHELEOLRJUDSK\W\SLFDOVFDQQLQJSDWWHUQFRPSULVHVDEHDPIROORZLQJDPHDQGHULQJSDWKDV
LWSURJUHVVHVDORQJWKHSDUW)LJD/DVHUPRYHPHQWZKLFKGHWHUPLQHWKHUHPRWHODVHUVFDQQLQJDUHFRQWUROOHG
ZLWKKLJKDFFXUDF\E\JDOYDQRPHWHUHOHFWURRSWLFDO V\VWHP%HFDXVHPHDQGHULQJRUVHUSHQWLQHSDWWHUQKDVFXUYHG
SRUWLRQVWKHEHDPZLOOKDYHSHULRGVRIDFFHOHUDWLRQDQGGHFHOHUDWLRQDWWKHVHFULWLFDOFXUYHGSRLQWV0R\ODQHWDO
7KDWLVGXULQJVFDQQLQJDFHUWDLQWLPHLVQHHGHGWRDFFHOHUDWHWKHPLUURUVWRWKHGHVLUHGVSHHGDORQJUHTXLUHG
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GLUHFWLRQ7KLVLVGXHWRLQHUWLDRIJDOYDQRPHWHUPLUURUVXVHGIRUVFDQQLQJ'XULQJWKLVWLPHWKHODVHUEHDPFRYHUV
VRPHGLVWDQFH LQZKLFK WKH VSHHG LVQRWFRQVWDQWDQGFRQVHTXHQWO\PRUHHQHUJ\ LQSXW LV ORFDOO\ LQWURGXFHG7KDW
PHDQVWKDWPRUHHQHUJ\LVDSSOLHGLQERUGHUVDQGLQWKHOLPLWVEHWZHHQWKHILHOGVLQZKLFKWKHSDUWLVGLYLGHGWKDQLQ
WKH UHVWRI WKHSDUW ,I WKHVN\ZULWLQJ IXQFWLRQ LVDFWLYDWHG WKH ODVHUEHDPZLOOEH VZLWFKHGRIIGXULQJ WKHFXUYHG
DFFHOHUDWLQJDQGGHFHOHUDWLQJPRYHPHQWDQGZLOORQO\EHRQGXULQJ WKH OLQHDUSRUWLRQ ,Q WKLVZD\ LW LVHQVXUHG
WKDWWKHHOHFWURRSWLFDOV\VWHPKDVUHDFKHGWKHGHVLUHGVSHHGEHIRUHWKHEHJLQQLQJRIODVHUH[SRVXUH7KHUHWDUGDWLRQ
SKDVHEHJLQVDWWKHHQGRIWKHOLQHDUSDUWZKHUHWKHODVHULVVZLWFKHGRII7KHRSHUDWLQJPRGHRIWKHVN\ZULWLQJLV
VFKHPDWLFDOO\UHSUHVHQWHGLQ)LJE0DQIUHGLHWDO7KHVN\ZULWLQJDYRLGVORQJLQWHUDFWLRQWLPHEHWZHHQ
WKHODVHUDQGSRZGHU


)LJD6FKHPDWLFRIWKHFRUHH[SRVXUHSDWWHUQE6FDQQLQJYHFWRUVROLGOLQHWKHVN\ZULWLQJLVUHSUHVHQWHGE\WKHGDVKHGOLQH
7KH HIIHFW RI VN\ZULWLQJ ZDV VWXGLHG LQ VDPSOHV PDQXIDFWXUHG ZLWKRXW ERUGHUV DQG ZLWK ORQJ VWULSHV DQG
REVHUYLQJSRURVLW\DWERUGHUV ,Q)LJD E FDQGGDFRPSDULVRQEHWZHHQFXEHVPDQXIDFWXUHGZLWKDQG
ZLWKRXW VN\ZULWLQJ LV SHUIRUPHG ZKHUH PLFURJUDSKV IURP WKH KDWFK DQG ERUGHUV DUH VKRZQ ,W LV HYLGHQW WKH
VLJQLILFDQWLPSURYHPHQWZKHQWKHVN\ZULWLQJIXQFWLRQLVDFWLYDWHG,QDGGLWLRQWKHKLJKTXDOLW\SUHYLRXVO\REVHUYHG
LQWKHKDWFKIRUWKHVDPHSURFHVVSDUDPHWHUVZDVNHSW5HODWLYHGHQVLWLHVKLJKHUWKDQZHUHREWDLQHGLQWKH
KDWFK

 

 

)LJ0LFURJUDSKVRIVDPSOHVPDQXIDFWXUHGDF:LWKRXWVN\ZULWLQJEG:LWKVN\ZULWLQJ
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7KHVN\ZULWLQJHIIHFWLYHQHVVZDVDOVRGHPRQVWUDWHG LQVDPSOHVPDQXIDFWXUHGZLWKFKHVVERDUGVWUDWHJ\)LJXUH
DDQGE)URPWKHVHPLFURJUDSKVLVHYLGHQWWKHHQKDQFHGGHQVLW\LQKDWFKZKHUHYHU\IHZSRUHVDSSHDUDQG
WKHVHDUHYHU\VPDOOP7KHGHQVLW\LVLPSURYHGIURPWRZLWKVN\ZUWLWLQJ,WLVZRUWKQRWLQJ
WKDWZLWKVN\ZULWLQJIRFXVHGEHDPZDVXVHGWREXLOGWKHVHVDPSOHV

 
)LJ0LFURJUDSKVRIVDPSOHVPDQXIDFWXUHGD:LWKRXWVN\ZULWLQJE:LWKVN\ZULWLQJ
)LQDOO\WKHHYROXWLRQRIUHODWLYHGHQVLW\RIVDPSOHVZLWKHQHUJ\GHQVLW\LVSORWWHGLQ)LJZKHUHWKHLQIOXHQFH
RI HQDEOLQJ VN\ZULWLQJ IXQFWLRQ LV VKRZQ 7KH VN\ZULWLQJ DOORZV UHGXFLQJ WKH UHVLGXDO SRURVLW\ DORQJ WKH HQWLUH
SURFHVVZLQGRZZLWKUHODWLYHGHQVLW\YDOXHVXSWR


)LJ&RPSDULVRQRIWKHHYROXWLRQRIWKHUHODWLYHGHQVLW\ZLWKDSSOLHGHQHUJ\GHQVLW\RIFXEHVPDQXIDFWXUHGZLWKDQGZLWKRXWVN\ZULWLQJ
&RQFOXVLRQV
$UHVLGXDOSRURVLW\KDVEHHQREVHUYHG LQ,QFRQHOSDUWVPDQXIDFWXUHGE\6/0ZLWKLQ WKHRSWLPXPSURFHVV
ZLQGRZ7KLV UHVLGXDOSRURVLW\GRHVQRWGHSHQGRQ WKH VWDQGDUGSURFHVVSDUDPHWHUV2Q WKHFRQWUDU\ LW KDVEHHQ
GHPRQVWUDWHGWKDWWKHVHSRUHVDUHFRQFHQWUDWHGDWVSHFLILFSRLQWV7KHVHSRLQWVZKLFKDUHSURQHWRFRQWDLQSRUHVDUH
WKHVWDUWLQJDQGILQLVKLQJRIWKHODVHUVFDQQLQJWUDFNVDQGERUGHUVZKHUHKLJKHUHQHUJ\GHQVLW\FDQFRQFHQWUDWH/DVHU
VWDUWDQGVWRSHYHQWVFDQRFFXULQWKHKDWFKLIFRPPRQVKRUWVWULSHVRUFKHVVERDUGVWUDWHJLHVDUHHPSOR\HG7KLVKDV
EHHQGHPRQVWUDWHGPDQXIDFWXULQJFXEHVZLWKORQJVWULSHVZKHUHWKHODVHURQO\VWRSVLQERUGHUVDQGREVHUYLQJWKDWLQ
WKDWFDVHDOOWKHSRUHVDUHFRQFHQWUDWHGQHDUWKHVXUIDFHDQGPLQLPDOSRURVLW\LVSUHVHQWLQWKHKDWFK,WKDVDOVREHHQ
SURYHGWKDWWKHSRURVLW\LVUHGXFHGFRQVLGHUDEO\LQFUHDVLQJWKHIRFXVRIIVHWXSWRPP,QWKLVZD\WKHEHDPLV
LQWURGXFHGLQWKHVDPSOHDQGWKHLQWHQVLW\LVUHGXFHGGHFUHDVLQJWKHDFFXPXODWLRQRIHQHUJ\ZKHQODVHUVWRSV
$GGLWLRQDOO\ WKLV ZRUN GHVFULEHV WKH LPSRUWDQFH RI XVLQJ VN\ZULWLQJ IXQFWLRQ IRU JHWWLQJ WKH KLJKHVW UHODWLYH
GHQVLW\VWDQGDUGV$FWLYDWLRQRIWKLVIXQFWLRQLVUHTXLUHGLQRUGHUWRDYRLGUHSRUWHGUHVLGXDOSRURVLW\ZKHQZRUNLQJ
ZLWKYHU\IRFXVHGODVHUEHDPV
6LQFH VN\ZULWLQJ DQG IRFXVRIIVHW KDYH DJUHDW LPSDFWRQ UHVXOWLQJ UHVLGXDOSRURVLW\ VSHFLDO DWWHQWLRQPXVWEH
SDLG WR WKH DFWLYDWLRQ DQG FDOLEUDWLRQ RI WKLV IXQFWLRQ DQGPDFKLQH VHWXS ([SHULPHQWDO SURFHGXUH IRU FKHFNLQJ

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
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
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VN\ZULWLQJSHUIRUPDQFHDQGDFWLYDWLRQDVZHOODVGHIRFXVRIIVHWFDQEHGHULYHGIRUPWKLVZRUNZKLFKLVEDVHGRQWKH
DQDO\VLVRISRURVLW\DIWHUZRUNLQJZLWKORQJVWULSHV
5HIHUHQFHV
$ERXONKDLU17HWDO5HGXFLQJSRURVLW\LQ$O6L0JSDUWVSURFHVVHGE\VHOHFWLYHODVHUPHOWLQJ$GGLWLYH0DQXIDFWXULQJ
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